Systemic pathogens have developed numerous strategies for evading the defenses of the host, permitting dissemination and multiplication in various tissues. One means of survival in the host, particularly in the bloodstream, has been attributed to the ability to avoid phagocytosis via capsular polysaccharide. To further define the virulence capacity of Streptococcus iniae, a zoonotic pathogen with the ability to cause severe systemic disease in both fish and humans, we performed an analysis of the capsule locus. The initial analysis included cloning and sequencing of the capsule synthesis operon, which revealed an approximately 21-kb region that is highly homologous to capsule operons of other streptococci. A genetic comparison of S. iniae virulent strain 9117 and commensal strain 9066 revealed that the commensal strain does not have the central region of the capsule operon composed of several important capsule synthesis genes. Four 9117 insertion or deletion mutants with mutations in the beginning, middle, or end of the capsule locus were analyzed to determine their capsule production and virulence. Virulence profiles were analyzed for each mutant using three separate criteria, which demonstrated the attenuation of each mutant in several tissue environments. These analyses also provided insight into the different responses of the host to each mutant strain compared to a wild-type infection. Our results demonstrate that capsule is not required for all host environments, while excess capsule is also not optimal, suggesting that for an "ideal" systemic infection, capsule production is most likely regulated while the bacterium is in different environments of the host.
Survival of systemic pathogens in vivo depends on their ability to rapidly adapt to constantly changing environments while disseminating from tissue to the bloodstream and then to other sites or organs throughout the body. Even the organisms that remain and replicate at the initial site of infection must possess potent strategies for defense against the artillery of the host innate immune response that is trafficked to the site of infection. Exposure to diverse environments and situations requires a systemic pathogen to have a large repertoire of survival mechanisms and virulence factors, some of which may be required in certain niches but are dispensable in other environments.
In an effort to further define the virulence mechanisms used by systemic pathogens, we recently developed an infectious disease model using a prototypic streptococcal pathogen, Streptococcus iniae, and a natural host, the zebrafish (Danio rerio) , in order to analyze the mechanisms of systemic infection in a natural host-pathogen system (20) . S. iniae is an important pathogen in both marine animals and humans, causing systemic infections in these hosts. The symptoms of infection are very similar to the symptoms of infections caused by humanspecific streptococcal pathogens, such as Streptococcus pyogenes, Streptococcus agalactiae, and Streptococcus pneumoniae, with dissemination to multiple organs, including the heart, liver, spleen, and brain (8, 28) . A phylogenetic tree of 16S rRNA sequences of streptococcal species revealed that there is a close genetic relationship between S. iniae and S. agalactiae (35) . Therefore, not surprisingly, multiple genes recently identified in a large-scale virulence screen of S. iniae in the zebrafish (17) have homologs that encode virulence factors found in S. agalactiae (32) . The virulence of S. iniae has also been analyzed in murine models of systemic infection (9, 10, 18) , verifying that the clinical pathologies that we observe in our zebrafish system are identical to the clinical pathologies in a mammalian model. One significant virulence factor found in nearly all systemic pathogens is polysaccharide capsule, although the specific molecular components that make up the capsule can differ from organism to organism. Experimental analyses of multiple pathogens have shown that the principal role of capsule is to protect the organism from phagocytosis, one of the primary safeguards of the innate immune system for clearance and elimination of invading pathogens. The ability of systemic pathogens to survive in the bloodstream has been credited to one of several mechanisms of phagocytosis inhibition. The sialylated polysaccharide capsule of S. agalactiae blocks phagocytosis by inhibiting the binding of the activated complement factor C3b to the surface of the pathogen, preventing the activation of the alternative complement pathway (16) , thereby interfering with neutrophil opsonophagocytic killing mechanisms. Furthermore, the amount of capsule expressed on the surface can also affect the activation of this pathway, and decreased capsule synthesis is correlated with increased C3b deposition (16) .
The diversity of environments encountered by a systemic pathogen requires both versatility of mechanisms and an ability to adapt rapidly to changing situations. The capacity to regu-late capsule production may be very important for the survival of systemic pathogens in different host environments. One of the first steps in colonization by S. pneumoniae occurs in the nasopharynx, and several studies have shown that capsule is not required for this initial step (15, 19) . Adamou et al. investigated the adherence of S. pneumoniae to bronchoepithielial cells and found that an unencapsulated mutant bound to a much greater extent than the encapsulated parent strain bound, and they proposed that higher levels of adherence by S. pneumoniae may correlate with enhanced invasive capacity (1) . Recently, Hammerschmidt et al. elegantly illustrated that there was a reduction in S. pneumoniae capsule on contact with epithelial cells by scanning electron microscopy and transmission electron microscopy, showing that there was specific modulation of the capsule through interaction with a host environment; however, the mechanism of this regulation was not reported (12) .
Although capsular polysaccharide has been shown to be an important virulence factor for many streptococcal pathogens (14) , little is currently known about the capsular polysaccharide of S. iniae or about the regulation of capsule expression in streptococcal pathogens. Recent reports have confirmed that S. iniae, like other streptococcal pathogens, requires polysaccharide synthesis for a successful infection (5, 17) .
Here we describe the sequence and annotation of the polysaccharide capsule synthesis operon of the systemic pathogen S. iniae 9117 (GenBank accession no. AY904444). The virulence profiles of S. iniae 9117 mutants with mutations in the beginning, middle, or end of the capsule locus were analyzed, which revealed multiple phenotypes and diverse susceptibilities to host clearance. The genetic homology of the S. iniae capsule operon to other streptococcal operons demonstrated that capsule synthesis genes and their organization are conserved between species and that certain key elements are necessary for successful systemic disease.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. Plasmids were maintained in Escherichia coli Epi300 cells (Epicenter) or E. coli TOP10 cells (Invitrogen). Luria-Bertani medium was used to culture E. coli strains. When necessary, antibiotics were added to Luria-Bertani medium at the following concentrations: erythromycin, 750 g/ml; and chloramphenicol, 12.5 g/ml for E. coli strains. Solid media were made by supplementing liquid media with 1.4% agar (BBL). E. coli cultures were incubated at 37°C with shaking unless indicated otherwise. The streptococcal strains used were S. iniae 9117, a human clinical isolate from the blood of a patient with cellulitis, and S. iniae 9066, a commensal fish strain obtained from a swab from a healthy fish (9) . S. iniae strains were cultured in Todd-Hewitt medium (BBL) supplemented with 0.2% yeast extract (BBL) and 2% proteose peptone (BBL) (TP) in airtight conical tubes without agitation at 37°C. S. iniae strains cultured on solid media were incubated in GasPak jars (BBL) with GasPak anaerobic system envelopes (BBL).
Cosmid cloning and sequencing. Cosmid cloning of large portions of the S. iniae chromosome was performed using a CopyControl fosmid library production kit (Epicenter, Madison, WI) according to the manufacturer's instructions. Genomic DNA from S. iniae capsular mutant strain G1-6 (17) was used for cosmid cloning. This strain has a transposon carrying erythromycin resistance inserted into an open reading frame within the capsule operon, which allowed selection of cosmid clones that contained portions of the capsule operon. Multiple cosmids were sequenced to allow 2ϫ coverage of the entire capsule operon, and the sequence was compiled using the Genetics Computer Group program.
Sequencing of the capsular operon was performed using BigDye Terminator chemistry at the sequencing core at Wayne State University. The analysis of the resultant sequences was performed using the BLAST software (www.ncbi.nlm .nih.gov) (2).
Insertional inactivation of cpsA. An insertional mutation in the cpsA gene was created using primers 5ЈcpsA insert-EcoRI#2 (CCG GAA TTC GAA GTA  AAC GAA AGA GTT CTT CG) and 3ЈcpsA insert-SmaI#2 (TCC CCC GGG  GTT ATA AAC GCC TGC CTT AGT GAC) to amplify a 685-bp fragment of the cpsA gene. This fragment was then digested with EcoRI and SmaI and inserted into the corresponding EcoRI and SmaI sites of pUC19-ERM (the pUC19 parent vector with the ampicillin resistance gene replaced with an erythromycin resistance gene) to create pUC19-ERM-cpsA. Plasmid pUC19-ERMcpsA was transformed as described previously (17) into S. iniae wild-type strain 9117 following propagation and recovery from E. coli TOP10 cells (Invitrogen).
Construction of cpsY deletion mutant. An in-frame deletion in the cpsY gene was constructed with primers CpsY-IFD-5Ј (GC ACT TTA TTA TTT AGC AGC ACA ACA TGG) and CpsY-IFD-3Ј (GGT TGA AAT CGG ACC ATA AGT ATC AAT ACC), which amplified a 2,950-bp fragment containing the entire cpsY open reading frame with an additional ϳ1,000 bp on either side of the cpsY gene. The fragment was inserted into a standard vector, and an 876-bp in-frame deletion was created by performing inverse PCR with primers CpsY-IFD-SmaI-3Ј-FWD (TCC CCC GGG GGA GAT AAT GTA ATG TAA TTG TTG TAT TCT) and CpsY-IFD-SmaI-5Ј-REV (TCC CCC GGG GGA CTC TTA AAA GAG GTC AAA TTG ACA CAA AAA AAG). The resulting mutant allele (cpsY ⌬11-293 ) was inserted between the PstI and BamHI sites of the shuttle vector pJRS233 (22) to create p⌬cpsY, which was used to replace the wild-type cspY allele in 9117 by a previously described method (26) . The chromosomal structure of the resulting mutant, ⌬CpsY, was confirmed by PCR.
Comparative PCR with 9117 and 9066. PCR were performed with genomic DNA of S. iniae strains 9117 and 9066 using the following cycling parameters: 95°C for 5 min, followed by 20 cycles of 95°C for 30 s, 60°C for 30 s with a 0.5°C/cycle decrease in the annealing temperature, and 72°C for 1 min and then an additional 10 cycles of 95°C for 30 s, 45°C for 30 s, and 72°C for 1 min. PCR products were loaded on a 0.8% agarose gel and visualized by ethidium bromide staining. Gene-specific primers used in this experiment are listed in Table 1 .
Southern hybridization analysis of S. iniae strains. Southern hybridization analysis was carried out using KpnI-digested genomic DNA from S. iniae virulent strain 9117 and S. iniae commensal strain 9066 (31) . Biotinylated probes were created for each gene tested using a Detector PCR DNA biotinylation kit (KPL). Southern analysis was performed using a Detector AP chemiluminescent blotting kit (KPL).
Competitive assays. Competitive assays were performed as described previously (17) . Briefly, S. iniae strain 9117 (wild type) and mutant strains were cultured separately in TP at 37°C overnight. Cells from these cultures were diluted 1:100 and grown to the mid-log phase (optical density at 600 nm, 0.225). The concentrations of all cultures were then adjusted to 10 7 CFU/ml. Cells were mixed at a 1:1 ratio, pelleted, and then resuspended to obtain a final concentration of 2 ϫ 10 7 CFU/ml. Zebrafish were infected intramuscularly with 10 l of this mixture, resulting in an infectious dose of 2 ϫ 10 5 CFU. Cultures were serially diluted and plated onto plates with TP and TP supplemented with 2 g/ml erythromycin to determine the input ratio of mutant to wild type.
After 24 h, hearts and brains were aseptically recovered from euthanized fish and homogenized, and the homogenates were plated onto TP and TP-Erm2 plates to determine the output ratio of mutant to wild type. The competitive index (CI) was calculated by dividing the output ratio (mutant/wild type) by the input ratio (mutant/wild type). Eight inoculated fish were used in all competitive assays. The CI of the wild type was 1. All strains with CI less than 1 were considered attenuated.
Zebrafish survival assays. S. iniae strain 9117 (wild type) and mutant strains were cultured separately in TP at 37°C overnight. Cultures were diluted 1:100 and grown to the mid-log phase (optical density at 600 nm, 0.225). The final concentrations of all cultures were then adjusted to 1 ϫ 10 7 CFU/ml. Zebrafish were infected intramuscularly with 10 l of an individual strain, resulting in an infectious dose of 1 ϫ 10 5 CFU. A minimum of 12 fish were infected with each strain. The time of survival of zebrafish was recorded over a 4-day period, after which all remaining fish were euthanized.
Gradients for measuring buoyant densities. Linear hypotonic gradients were prepared using a previously described method, with a few modifications (17) . First, a 1.13-g/ml Percoll (Sigma) solution was diluted according to the manufacturer's instructions using double-distilled sterile water to construct gradients that covered a density range from 1.01 to 1.13 g/ml. After incubation overnight, 10 8 CFU of each bacterial strain was resuspended in 100 l of phosphatebuffered saline and gently added to the top of a gradient. Density marker beads (Amersham Biosciences) (vials 1 to 9) were combined and added to the gradient. The gradients were centrifuged at 3,220 ϫ g for 4 h at 4°C in a swinging bucket rotor. Bacteria banded at the level of a gradient at which the densities of the gradient and the bacteria were equal.
After centrifugation the distances of the density marker bead and bacterial strain bands from the top of the gradient were determined. Buoyant densities for bacteria strains were calculated from a standard curve for the density marker beads.
Systemic dissemination of bacteria. Bacterial strains were grown as described above for the zebrafish survival assays to a final concentration of 1 ϫ 10 7 CFU/ml. Zebrafish were infected intramuscularly with 10 l of a strain, resulting in an infectious dose of 1 ϫ 10 5 CFU. At specific times postinfection, spleens, hearts, and brains were aseptically recovered from euthanized fish and homogenized. Homogenates were diluted and plated on TP plates to determine the number of CFU per organ. For each strain, a minimum of eight organs per time were analyzed.
Statistical analysis. The statistical significance of differences between paired samples was determined by a two-tailed paired t test using the StatView statistical analysis software (SAS Institute Inc., Cary, NC).
RESULTS
Sequencing and genomic organization of the capsular operon of S. iniae. The entire polysaccharide synthesis operon of S. iniae 9117 was sequenced and compiled (GenBank accession no. AY904444). Similar to capsule operons in other pathogenic bacteria that have been analyzed, the polysaccharide synthesis operon of S. iniae is quite large, with more than 20,000 nucleotides in 21 open reading frames (Fig. 1A) . The open reading frames have various degrees of homology to capsule synthesis genes of several other gram-positive bacteria, including Streptococcus suis, S. agalactiae, S. pyogenes, Streptococcus thermophilus, Lactococcus lactis, and Bacillus halodurans (Table 2) . We assigned putative names to the open reading frames based on homology to genes found in other gram-positive polysaccharide synthesis operons.
The transcriptional regulatory region of the group B streptococcus (GBS) capsule operon is reported to be between the divergently transcribed cpsY gene (also called mtaR [30] ) and the cpsA gene (13) (Fig. 1C) . The start site of transcription in this intergenic region has been mapped using primer extension analysis (6) . Analysis of the intergenic region between the cpsY and cpsA genes in S. iniae revealed potential Ϫ10 and Ϫ35 sites for transcription of both cpsY and cpsA that overlap and are similar to the Ϫ10 and Ϫ35 sites that have been proposed for the intergenic region of the GBS capsule operon (data not shown) (13) . The genes encoding CpsY and CpsA are also highly homologous to the genes found in S. agalactiae, and the levels of identity to MtaR (CpsY) and CpsA are 78% and 65%, respectively, at the amino acid level.
Comparison of the capsule operons of a virulent strain and a commensal strain. The initial analysis of S. iniae strains demonstrated that isolates capable of causing disease in both fish and humans were virtually identical, as shown by pulsedfield gel electrophoresis, while strains isolated from nondiseased fish, a condition suggesting a commensal relationship, were genetically diverse (34) . A previous study designed to identify virulence genes of S. iniae virulent strain 9117 using zebrafish as an infectious disease model showed that 10 of the attenuated mutants had insertions in putative capsule synthesis genes (17) . When S. iniae virulent strain 9117 and S. iniae commensal strain 9066 were compared, phenotypic differences were observed during growth in broth culture (17) . While virulent strain 9117 is buoyant in broth culture and forms chains approximately 6 to 10 cocci long, commensal strain 9066 aggregates out of broth culture and forms chains that are approximately fourfold longer than 9117 chains. Previous reports have shown that capsule production in streptococci is inversely related to buoyant density (29) . S. iniae 9117 mutants with insertions in capsule synthesis genes, which proved to be attenuated for virulence, mimicked the phenotype displayed by commensal strain 9066 when they were grown in broth culture and applied to a density gradient (17) (Fig. 2) . We therefore hypothesized that the capsule operon of strain 9066 may have different genetic components than the capsule operon of strain 9117, which may play some role in the ability to cause disease.
To test this hypothesis, we performed PCR with genomic DNA from 9117 and 9066 using primers specific for each gene identified in the capsule operon of 9117, followed by Southern hybridization (data not shown). Based on the PCR results, S. iniae commensal strain 9066 appears to be missing genes cpsF through cpsL, as well as orf276, orf193, and orf151. Genes on either side of the missing genomic segments are still present in the 9066 capsule operon as primers specific for 9117 capsule genes were able to produce products during PCR amplification (data not shown). However, since PCR amplification results cannot be used as conclusive results for determining missing genetic regions due to subtle differences in sequence that may affect primer annealing and subsequent amplification, we performed Southern hybridization using biotinylated probes created from strain 9117 chromosomal DNA for the genes missing as determined by the 9066 PCR to confirm the absence of these genes from the 9066 chromosome. In addition, PCR amplification revealed the presence of the IS981 locus in 9066 DNA, but it did not confirm that the IS981 genes are found in the capsule operon of 9066 as insertion sequences can be found in multiple regions throughout the genome (23, 24) . Southern hybridization analysis confirmed the PCR results by demonstrating the absence of the cpsF, cpsG, cpsH, cpsI, cpsJ, cpsK, and cpsL genes, as well as orf276 and orf151, in strain 9066 (Fig. 1B) .
All of the genes shown to be missing in the 9066 capsule operon except orf193 are arranged contiguously and have a putative function in polymerization of the capsular polysaccharide chain (Fig. 1) . Notably, 8 of the 10 attenuated capsule mutants previously isolated from the S. iniae 9117 strain in a large-scale signature-tagged mutagenesis screen (17) are found in this region of the capsule operon, giving credence to the hypothesis that this region may play some role in the commensal and virulent phenotypes exhibited by S. iniae strains 9066 and 9117, respectively.
Thus, the results revealed that several genes that are present in the 9117 capsule operon are not present in the 9066 genome; however, they did not reveal if additional genes are present in the 9066 capsule operon. The data also did not confirm if the IS981 locus, which was present as determined by PCR, is actually in the capsule operon of 9066, as a probe for IS981 hybridized to multiple segments of 9066 DNA, as determined by Southern analysis (data not shown). To further define the elements that make up the 9066 capsule operon region, a segment of DNA was amplified using primers that hybridized to the 3Ј region of the 9117 cpsE gene going toward the end of the operon and to the 5Ј region of the 9117 cpsN gene going in reverse toward the beginning of the operon. These genes were shown to be present in 9066 by the PCR analysis. An approximately 2-kb fragment was amplified, cloned into a vector, and subjected to sequencing. Sequence analysis revealed that the sequence of the 3Ј end of the cpsE gene and the 5Ј end of the cpsN gene were identical to the sequences found in 9117, as well as the majority of the cpsM gene. However, the first 154 nucleotides encoding CpsM were absent in 9066, leaving in question whether CpsM is actually expressed or functional. Between the end of the cpsE gene and the truncated cpsM gene is 672 bp with approximately 99% homology to a partial region of orf193 of 9117, although multiple changes in sequence result in no putative open reading frames in this region of the 9066 genome (Fig. 1B) . As suspected, the IS981 locus was not present in this segment of the 9066 capsule operon, suggesting that the presence of multiple capsule genes in 9117 that are missing in the 9066 capsule locus may have been caused by an event mediated by the insertion element.
Virulence profiles of strains with mutations in the capsule locus. To determine if the loss of a portion of the capsule locus in 9066 may play some role in the commensal phenotype observed in nature and aquaculture, we used our zebrafish infectious disease model to compare infections with S. iniae virulent strain 9117 and infections with commensal strain 9066. While only 8% of the zebrafish inoculated with 9117 were alive 4 days postinjection, 27% of the fish inoculated with the 9066 strain survived this long. Although the 9066 and 9117 strains of S. iniae have the same 16S rRNA sequence, previous work in which protein profiles of the two strains were examined showed that there are multiple differences between the strains (J. D. Miller and M. N. Neely, unpublished data). Furthermore, data from a previous study demonstrated that the 9066 commensal strain is genetically diverse from 9117 as determined by pulsed-field gel electrophoresis, suggesting that there may be multiple differences between the strains outside the capsule operon (34) . Therefore, in an effort to analyze virulence with respect to capsule alone with all other factors being the same, we used isogenic mutants of the 9117 strain with differences only in the capsule locus. Mutations were constructed in the genes at the beginning of the S. iniae capsule operon, cpsY and cpsA, which are the two genes on either side of the putative capsule promoter region (Fig. 1A) . Both the cell morphology and the virulence profiles of these mutants were examined and compared to the cell morphology and the virulence profiles of the wild-type strain and two previously Fig. 1A) . The long-chain phenotype and aggregation of bacterial cells in broth culture which were observed previously for S. iniae capsule mutants (17) were also observed for the cpsA insertion mutant and F12-1, while the cpsY deletion mutant and E6-9 grew like the wild-type strain (data not shown). Previous work has demonstrated that the amount of capsule present is inversely related to the buoyant density and that the loss of capsule can be demonstrated using buoyant density centrifugation (17, 29) . When organisms are added to the top of a linear hypotonic Percoll gradient, the strains with a low level of encapsulation sediment to a high-density region, while the strains with more capsule are found at lower-density regions. To confirm that the cpsA mutant produces less capsule than the wild type produces, a Percoll density gradient analysis was performed with the cpsY, cpsA, F12-1, and E6-9 mutants and the wild-type strain (Fig. 2) . As shown previously (17), F12-1 has a high buoyant density, indicating a small amount of capsule, and E6-9 has a low buoyant density and slightly more capsule than the wild-type strain. As expected, the cpsA mutant was similar to the F12-1 mutant, with very little capsule compared to wild-type strain 9117. The cpsY mutant appeared to have only slightly less capsule than the wild-type strain. The 9066 commensal strain has less capsule than wild-type strain 9117 but more capsule than the F12-1 or cpsA mutant strains. However, it should be noted that the capsule production by each of the strains was measured after in vitro growth, and therefore, the results may not completely correlate with the amount of capsule in vivo.
Three different assays were used to examine the virulence profiles of the mutants with mutations in the capsule operon using a zebrafish infection model. Competitive assays, in which the mutant strain was inoculated at a 1:1 ratio along with the wild-type strain into zebrafish, were used to measure the ability of the strain to compete with the wild-type strain, as well as the ability to survive in the presence of the inflammation elicited by the wild-type strain. The results of these assays demonstrated that the two strains having the smallest amount of capsule as determined by the density gradient analysis, the cpsA and F12-1 mutants, exhibited the greatest attenuation, with Ͼ3-log attenuation in both the brain and the heart (Fig.  3) . These results are in contrast to the results obtained for the cpsY and E6-9 mutants. The cpsY mutant exhibited almost no attenuation in the heart, suggesting that it competed equally with the wild-type strain in this environment, but it was 1.5 log less virulent than the wild-type strain in the brain (Fig. 3) . The E6-9 mutant, which has an insertion in the very end of the capsule operon, exhibited approximately 0.5-log, but still significant, attenuation in both organs.
The second assay used to examine virulence was a comparison of the survival of zebrafish over time when the four mutant strains were inoculated individually (in the absence of the wild-type strain) over a 4-day period with the survival of zebrafish either inoculated with the wild-type strain or subjected to a mock infection (Fig. 4) . In this assay, the cpsA mutant was still the most attenuated strain; 65% of the zebrafish were alive at day 4 after inoculation of this strain, while only 8% of the zebrafish survived for the same time after inoculation of the wild-type strain. Surprisingly, the F12-1 mutant, which showed high attenuation in the competitive assays in the presence of the wild-type strain and showed the same amount of capsule deficiency as the cpsA mutant, exhibited only about twofold attenuation at 2 days and very little attenuation at 4 days compared to the wild-type strain. These results, compared to FIG. 3 . CI assays of capsule mutants. CIs were calculated by comparison with S. iniae wild-type strain 9117, as described in Materials and Methods. The CI is defined as the output ratio (mutant/wild type) divided by the input ratio (mutant/wild type). S. iniae wild-type strain 9117 has a CI of 1, and a CI less than 1 indicates a quantitative level of attenuation of virulence for a mutant compared to the wild type. CIs were determined individually for each mutant recovered from both hearts (A) and brains (B). Each triangle represents one fish, while the bar indicates the average for all fish for a mutant. The mean CI for each mutant in each organ is indicated, as is the P value for a comparison to the wild-type value (n ϭ 8). the results of the competitive assay, suggest that the F12-1 mutant is much more susceptible to clearance due to host inflammation caused by the presence of the wild-type strain. However, a different scenario occurred with the cpsY deletion strain, which exhibited more attenuation than it exhibited in the competitive assays, with 40% of the fish surviving at day 4 (compare Fig. 3A and B to Fig. 4) . The results of the two assays with the cpsY mutant suggest that at least in the heart, the wild-type strain can complement the cpsY mutant, since the attenuation was not significant when the wild-type strain was present in the competitive assays. Finally, the E6-9 mutant exhibited a virulence profile similar to the profile observed in the competitive assays, with only a small amount of attenuation.
The third virulence assay performed was an analysis of the dissemination of each strain individually over time compared to the dissemination of the wild type. Dissemination to the heart, brain, and spleen was measured at 15, 30, and 60 min and 24 h after intramuscular injection of 1 ϫ 10 5 CFU into the dorsal muscle. For these assays, we use the term dissemination to refer to the number of bacteria found in a particular organ at a specific time, although we could not distinguish actual dissemination as opposed to multiplication of the strain once it was in the organ. In addition, it must be noted that the bacteria passed through several host tissues to reach the organs, which could greatly affect the final number of CFU. The first observation of note is the large number of wild-type bacteria that were found to be disseminated systemically in the first 15 min after intramuscular injection; approximately 10 3 CFU was found in both the spleen and heart at this early time (Table 3) . By 60 min the amount had quadrupled, and by 24 h there were ϳ1 ϫ 10 5 CFU of wild-type bacteria in the spleen alone resulting from the initial inoculation into the dorsal muscle (Table 3 and Fig. 5 ). The 24-h dissemination analysis can be compared to the competitive indices for the heart and brain since these indices were also analyzed at 24 h; the only differences were the presence of the wild-type strain in the competitive index analysis and, therefore, the host immune factors that may have been elicited by the presence of the wild-type strain.
At all times, the dissemination of the cpsA mutant to the spleen and brain was significantly attenuated compared to the dissemination of the wild type, results which correlated with the results of the other analyses. The cpsY mutant was also significantly deficient for dissemination to the spleen and brain at 24 h (P Ͻ 0.05) but only to the brain (P Ͻ 0.01) at early times. The results for cpsY mutant dissemination to the brain are similar to the competitive index data for the brain. In contrast, the competitive index for the cpsY mutant in the heart revealed almost no attenuation, while the dissemination to the heart at 24 h was 12-fold less than the dissemination of the wild-type strain, consistent with the hypothesis that the wildtype strain complements the cpsY mutant in the heart. Dissemination of the F12-1 mutant was significantly decreased in the spleen at 30 and 60 min (P Ͻ 0.01) and at 24 h (P Ͻ 0.05). Surprisingly, the values for F12-1 dissemination to the heart and brain are actually higher than the values for the wild type at 24 h (Fig. 5) . This is in direct contrast to the competitive indices for F12-1 in the heart and brain at 24 h in the presence of the wild-type strain, which showed that there was at least a 1,000-fold decrease (P Ͻ 0.0001) in F12-1 CFU in these organs (compare Fig. 3A and B and Fig. 5 ). The number of E6-9 CFU was also greater than the number of wild-type CFU in all organs at 24 h and in the spleen at early times. However, the competitive indices in the brain showed that there was significant attenuation, 0.377 (P Ͻ 0.005), suggesting that in the presence of the inflammation elicited by the wild-type strain, the E6-9 mutant strain was less able to compete. FIG. 5 . Dissemination of S. iniae wild-type strain 9117 (9117 WT) and four capsule mutants at 24 h postinfection. Zebrafish were infected separately with each strain as described in Materials and Methods. The numbers of CFU of each strain were determined at 24 h postinfection in spleens (solid bars), hearts (striped bars), and brains (dotted bars) using a minimum of eight zebrafish. The number above each bar is the average number of CFU for that organ and that strain. The error bars indicate standard errors of the means. An asterisk indicates that the P value is Ͻ0.05. 
DISCUSSION
Like most systemic pathogens, S. iniae produces a capsule that is required for its pathogenesis and survival in the host (5, 17) . To determine the composition of the S. iniae polysaccharide operon, we sequenced and annotated the entire locus and compared it to other streptococcal capsule operons and the operon of a known commensal S. iniae strain, strain 9066 (Fig.  1) . We assigned names to the genes and putative functions to the protein products based on homologies to genes found in other gram-positive pathogens. Our analysis revealed that the 9066 commensal strain contains similar capsule genes at both the 5Ј and 3Ј ends of the operon but lacks a large central region of the capsule locus. Of note, the central region that is not present in 9066 is where the majority of the mutations of the virulent 9117 strain that were found to play a role in pathogenesis were located (17) .
As mentioned above, the S. iniae capsule operon exhibits homology to the capsule operon of S. thermophilus, an organism commonly used in the dairy industry due to the texturizing properties that it confers to yogurt products. The exopolysaccharide produced by this organism leads to yogurt cultures with the desired smooth "ropy" or viscous texture. Nonropy strains of S. thermophilus have been identified, and when the exopolysaccharide operons of ropy and nonropy strains were compared, it was discovered that genes epsE through epsM were missing in the nonropy strains (33) . This scenario is very similar to what we observed when we compared the operons of the capsule-producing S. iniae 9117 strain and the non-capsuleproducing 9066 strain (Fig. 1A and B) , except that 9066 also lacks some additional putative open reading frames not found in S. thermophilus and has the cpsE gene of 9117. The S. iniae 9117 capsule locus contains an insertion sequence with 98% homology to the IS981 insertion sequence from L. lactis (23, 24) . IS981 has been found in the capsular operons of many strains of S. thermophilus and has been postulated to be an agent of genetic rearrangement between capsular operons of several species of bacteria over time (3, 4, 11) . The presence of the IS981 insertion sequence element upstream of the cpsM gene in the S. iniae 9117 capsule operon suggests that horizontal transfer of genetic elements may occur between capsuleproducing and non-capsule-producing strains.
Analysis of the S. iniae 9117 genetic regions sequenced in a previous study (17) , as well as sequences listed in the GenBank database, revealed a GϩC content of ϳ33%. The entire capsule operon has an average GϩC content of 32.2%, but the GϩC contents of the individual genes within the operon vary from 22.8% to 40%. Most striking is the center region of the operon encompassing the sequences from cpsF through cpsL that are present in 9117 but have been shown to be absent in 9066. This region has an overall GϩC content of only 27%, which is much lower than the GϩC contents of S. iniae sequences reported to date, further supporting the hypothesis that this region was acquired by horizontal transfer from another low-GϩC-content bacterial genome.
Virulence analysis of strains with mutated capsule genes located at the beginning, middle, and end of the capsule operon revealed multiple phenotypes. By comparing the results of virulence analyses using three different criteria, we were able to examine how the mutants fared in several host environments against factors elicited both in the presence and in the absence of the wild-type strain. Furthermore, the results provide insight into the different host responses to individual mutants. Table 4 summarizes the results of the three analyses used to compare the mutants. The most attenuated mutant overall, the cpsA insertion mutant, exhibited a similar level of attenuation in all analyses. The S. iniae CpsA protein is 65% homologous to the CpsA (previously called CpsX) protein of GBS, which has been suggested to be an attenuator of transcription as it exhibits homology with the lytR gene in Bacillus subtilis (13) . However, a nonpolar deletion in the type Ia GBS cpsA gene resulted in two-to threefold less transcript from the cps operon than from the wild-type strain operon, suggesting that, in contrast to B. subtilis LytR, the GBS CpsA most likely functions as an activator of capsule expression (7) . If, as in GBS, CpsA is an activator of capsule expression, then loss of this protein would predictably result in an attenuation of virulence and would most likely show the same loss of capsule both in vitro and in vivo. Moreover, if CpsA regulates transcription of additional factors other than the capsule promoter, then multiple factors may be missing from the wild-type survival mechanism.
Similar to the cpsA mutant, the F12-1 mutant has a very high buoyant density, suggesting loss of polysaccharide on the cell surface. The F12-1 insertion occurred in the cpsH gene (Fig.  1A and Table 2 ), which encodes a product that exhibits homology to a protein having an unknown function encoded in the exopolysaccharide locus of S. thermophilus. However, this gene occurs in a region of the operon encoding other glycosyl transferases, suggesting that it may play a similar role. Unlike the similarly unencapsulated cpsA mutant, the F12-1 mutant did not exhibit a consistently attenuated phenotype in all three analyses. The F12-1 competitive indices showed that there was a significantly attenuated profile in the presence of the wildtype strain; in sharp contrast, the dissemination results for the F12-1 mutant at 24 h showed that there was an ϳ3-fold increase in the number of CFU in both the heart and the brain compared to the number of wild-type CFU (Table 4) . These results are consistent with the hypothesis that the capsule differences between F12-1 and the wild-type strain cause different responses in the host. While the presence of the encapsulated wild-type strain causes the F12-1 strain to be cleared, when F12-1 is inoculated alone, the host is not able to clear the strain, suggesting that the immune responses of the host most likely differ in the presence and in the absence of the wild-type strain. This is in contrast to the level of dissemination to the spleen at 24 h, which was significantly less (19-fold; P Ͻ 0.05) than that of the wild type. Therefore, although the levels of dissemination to the heart and brain at 24 h are higher than the levels of dissemination for the wild type, the spleen environment can still efficiently clear the mutant strain in the absence of the wild-type strain, suggesting that there are differences in how the organs or environments react to a particular strain. An alternative explanation is that there may be an increased requirement for capsule in this environment. Although the cpsA mutant and the F12-1 mutant had almost the same level of capsule as determined by buoyant density, F12-1 exhibited significantly higher levels of dissemination to the spleen, heart, and brain at 24 h than the cpsA mutant exhibited, suggesting either that loss of capsule alone is not the entire reason for the high level of attenuation of the cpsA mutant or that the F12-1 mutant still has some capsule regulation in these environments.
The cpsY gene is directly upstream of the cpsA gene and the putative promoter of the S. iniae capsule operon, and the cpsY product exhibits over 78% identity and 89% similarity at the amino acid level to the CpsY transcriptional regulators encoded in the genomes of S. pyogenes and S. agalactiae (also called MtaR [30] ). Initially, CpsY was proposed to be the regulator of capsule synthesis based on its homology to proteins in the LysR family of transcriptional regulators (13, 27) . However, a recent report on inactivation of the cpsY gene of the type III COHI strain of S. agalactiae revealed no change in capsule production, although the strain was attenuated for virulence in a neonatal rat model (30) . The analysis showed that the GBS CpsY mutant strain was deficient for growth in media with low concentrations of methionine and was also deficient for methionine transport, and subsequently the gene designation was changed from cpsY to mtaR (30) . The growth of the S. iniae cpsY in-frame deletion mutant was analyzed in media deficient in methionine, as well as other amino acids. However, no difference was observed between the growth of the S. iniae wild-type strain and the growth of the cpsY deletion strain regardless of the amino acid content of the media (data not shown).
When the results for the cpsY mutant in the three virulence analyses were compared, the picture was very different than the picture obtained for the cpsA mutant. While the results for the ⌬cpsY strain obtained in the heart competitive index analyses (in the presence of the wild-type strain) were similar to the results for the wild type (Table 4) , the numbers of ⌬cpsY CFU that disseminated to the spleen and the brain by 24 h (the same time that the CI was determined) were significantly less than the numbers of wild-type CFU. This correlates with the less virulent phenotype observed in the survival-over-time analysis (Fig. 4) . These results suggest that the presence of the wildtype strain in competitive index analyses can complement the deficiency in the ⌬cpsY mutant. Usually, this scenario occurs when a secreted factor is missing from the mutant that can be supplemented by having the mutant in close contact with a strain that is capable of secreting the factor. The function of cpsY in S. iniae is still unknown, but its high level of homology to LysR transcriptional regulators is consistent with the possibility that it regulates other virulence genes, some of which may be secreted. While both the cpsA and ⌬cpsY strains were highly attenuated in the dissemination and survival analyses, the ⌬cpsY strain, as demonstrated by the density gradient analysis, has just slightly less capsule than the wild-type strain, suggesting that the presence of capsule alone is not enough to rescue a strain from clearance by the host.
The E6-9 insertion occurred in the cpsM gene, which encodes a protein with homology to polysaccharide transport proteins. Comparison of the levels of dissemination to the heart and the brain of the E6-9 and F12-1 mutants at 24 h revealed a very high level of similarity between these two strains. However, in the Percoll gradient analysis the E6-9 mutant had the lowest buoyant density of any strain (most capsule), while the F12-1 mutant had one of the highest buoyant densities (smallest amount of capsule). Survival in the bloodstream (in this case, the heart) almost always correlates with strains that possess an antiphagocytic capsule, but the F12-1 mutant survives in this environment in the absence of this property. Furthermore, strains of S. pneumoniae and S. agalactiae that have less capsule have been shown to invade across the blood-brain barrier more efficiently (21, 25) , but the number of CFU of the E6-9 mutant in the brain was the same as the number of CFU of the F12-1 mutant. Clearly, additional factors play a role in this process.
In summary, the results obtained using three different criteria for measuring virulence provide a more complete picture of the role of capsule in virulence, with each individual factor contributing to the overall survival of the pathogen. Furthermore, the multiple analyses provided insights into possible differences in the immune responses of the host to particular phenotypes. While an insertion in the putative capsule regulator gene, cpsA, should predictably result in an attenuated phenotype, the results for the F12-1 insertion mutant, which shows a loss of capsule similar to that of the cpsA mutant, are not as easily explained. The current dogma for how a systemic pathogen survives during dissemination and in the bloodstream is that a capsule is required for prevention of phagocytosis and subsequent clearance. Our results with F12-1 argue against the need for capsule during these steps in the infection process. On the other hand, even a small amount of excess capsule, as in the E6-9 insertion mutant, resulted in about 0.5-log attenuation in the CI analysis, and even though this is a small amount, it was found to be significant (P Ͻ 0.005). The data presented here illustrate that although too little capsule can be tolerated in some environments, it is less satisfactory in other tissues, and an excess of capsule can be advantageous in some environments but is also not optimal. Therefore, for the overall "ideal" infection, capsule needs to be regulated during dissemination, with expression of different amounts of capsule in various tissues. We are currently exploring the potential of this modulation and its implications for virulence in the host. Clearly, the role of polysaccharide capsule in virulence is very complex, and more work is needed to understand the dynamic interaction with the host immune system.
